UDC 622.831:624.131 (043.3) https://doi.org/10.33271 /nvngu/2020-5/061

1 — Institute of Geotechnical Mechanics named by N. Polja-
kov, Dnipro, Ukraine

2 — Dnipro University of Technology, Dnipro, Ukraine

3 — Ukrainian State University of Chemical Technology, Dni-
pro, Ukraine, email: Roxiki@i.ua

D. L. Vasyliev!,
orcid.org/0000-0001-6864-357X,
V.F. Hankevych?,
orcid.org/0000-0002-8535-6318,
T.V. Moskalova?,
orcid.org/0000-0002-5352-8891,
0.V. Livak®,
orcid.org/0000-0002-5552-6531

THE CHARACTER OF DISRUPTION OF THE ROCKS SURFACE DURING
RAPID COOLING

Purpose. The purpose of this study is investigation of the patterns of occurrence of the system of macro- and microcracks in
the rocks during rapid cooling for their effective softening.

Methodology. The solution of the problem of crack system development is based on the fact that, as a result of rapid cooling in
the surface layer of the rock, the tensile stresses are developed. The stretched layer acquires potential energy, depending on the
modes of thermal influence and rock properties. At a certain point, the energy of the stretched layer starts to be spent on the forma-
tion of new surfaces of the growing system of macro- and microcracks.

Findings. A model of behavior of the surface layer of rocks in the conditions of thermal shock by cooling is proposed. This
model takes into account the development of a fracture macrocrack system and a microcrack system that move in the layer behind
the cooling front. The dependence has been obtained that allows determining the penetration depth of a macrocrack system in the
rock depending on the thermal exposure regimes and the physical and mechanical properties of the rocks. The formation of a
microcrack system in the stretched cooled surface layer which changes its strength properties is experimentally proved. It is shown
that the system of macrocracks moves into the array with deceleration and penetrates into the rock deeper than the thickness of the
cooled layer, while microcracks are formed within the extended cooled layer. It is shown that the penetration depth of the macro-
crack system into the rock is practically independent of the mode of thermal shock by cooling and is determined by the physical
and mechanical properties of the rock and the time of exposure. Increasing the potential energy of the stretched rock layer due to
an increase in the temperature difference between heating and cooling (“toughening” of the thermal shock regime) leads mainly
to an increase in the density of a cracking net on the rock surface.

Originality. For the first time the development of a crack system rather than a single crack in a rock during rapid cooling was
considered. The model of the rock surface layer behavior under the conditions of rapid cooling is proposed. The geometric aspects
of the initiation and propagation of a macrocrack system into the rock due to thermocycling loading are considered. The fact of
initiation of a microcrack system along with macrocracks which change the strength properties of rock in the formation zone is
proved.

Practical value. The analytical dependence is obtained that allows determining the penetration depth of a crack system in rocks
as a result of thermal shock by cooling. This dependence makes it possible to estimate the size of the damaged by macro- and mi-
crocracks zone of a rock, as well as the degree of rock softening depending on its physical and mechanical properties and thermal
shock modes of cooling. The results are used in real technological processes with thermocycling impact such as preparing rocks for

mechanical destruction, hydraulic fracturing, loosening and explosive destruction.
Keywords: rock, thermal stresses, intensive cooling, macro- and microcrack system

Introduction. In the study on thermomechanical methods
of rock destruction, based on preheating followed by mechan-
ical loading, there are enough facts that indicate that softening
by thermal action according to the scheme: heating — sharp
cooling is also quite an effective way of softening. In many
cases, it is more effective than just preheating.

So, Prof. G. Brodov, examining the change in the strength
of rocks during heating, came to the conclusion that the rapid
cooling of heated hard rocks also leads to an irreversible de-
crease in strength (Brodov, G.). In the study on compressive
strength of rocks, which were subjected to heat treatment ac-
cording to the heating — rapid cooling with water with tem-
perature differences between heating and cooling at 200—400—
600 °C he came to the conclusion that the strength decreases
monotonously. For plagiogranite, strength decreases from 1.51
to 2.13 times, for coarse-grained monzogranite — from 1.75 to
3.53 times, for fine-grained granodiorite — from 2.26 to
2.53 times. At the same time, the author points out that the
main reason for the rock strength decrease is phase transfor-
mations and irreversible processes in rocks, without revealing
the essence of these processes.

The scientists of the Institute of Geotechnical Mechanics
of the National Academy of Sciences of Ukraine formulated
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the notion that during rapid cooling of heated rocks tensile
stresses develop in them. Since the tensile strength of the rocks
is an order of magnitude lower than the compressive strength,
under certain conditions of intensive cooling (thermal shock)
the macrocracks form on surfaces and grow deep into massif
(Vakhalin, Yu. N., Trokhimets, N.Ya., Lyash, S.1.). The theo-
ry of a single crack development under thermocycling loading
is also presented here. The idea of intensive cracking of rocks
during cooling was tested and the studies were carried out in
the mine named after Kirov of PO “Kryvbasruda”. These in-
vestigations were made in the rocks of ferruginous quartzite
with interlayers of hematite-martite hornfels with strength f=
=12: 14 on the scale of prof. M. M. Protodyakonov. To expand
pre-drilled wells with a diameter of 0.135 m, the walls of the
initial wells were subjected to thermocyclic treatment prior to
drilling: first, they were heated by an infrared emitter for 1 hour,
and then they were sharply cooled with water for 6—10 minutes.
Subsequent mechanical expansion to diameters of 0.2:0.5 m
showed an increase in drilling speed by 2.3 : 3.5 times and a
decrease in fracture energy consumption up to 3.3 times com-
pared to purely mechanical drilling (Moskalev, A.N., Pigi-
da, E.Yu., Kerekilitsa, L. G., Vakhalin, Yu. N.).

Thus, the high efficiency of softening rocks by rapid cool-
ing was confirmed, but the scientific basis of the choice of
thermocycling exposure modes is not given in the work.
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Further studies showed that the effect of coolant on heated
rocks causes the appearance of “honeycomb structure” mac-
rocracks on the surface; also formulas were obtained that allow
determining the parameters of the net of cracks on the rock
surface depending on the heat treatment regimes and rock
properties [1].

Currently, two questions remain open:

- the nature of a net of micro-crack development inside
the rock;

- the effect of rapid cooling on the microcracking of the
surface layer.

The study on these issues will enable the targeted use of
thermal shock by cooling in various real technological pro-
cesses of rock destruction.

Literature review. Currently, the study on the influence of
thermal loads on the physicomechanical properties of rocks is
being carried out in several areas related to solving specific
problems: studying the stability of rocks during the design of
nuclear waste storage facilities, studying the processes of coal
gasification, heat production in geothermal sources, shale gas
and oil production, development of methods for the destruc-
tion of rocks based on their preliminary weakening by thermal
loads.

In the article [2] the influence of heat treatment on the
strength and deformation parameters of granite was studied. It
was shown that microcracking in granite begins to appear from
a heating temperature of 7' = 400—600 °C, and at T = 700—
800 °C an active process of fusion of granite microcracks oc-
curs, which has a significant effect on the deformation pro-
cesses at given heating temperatures.

Similar results were obtained during tensile tests by the
Brazilian method of sandstone heated to 7= 25—800 °C [3].

It has been stated that when heated to 7" = 400 °C the
strength of the rock gradually increases, and with higher heat-
ing, it drops sharply. In the tensile tests of Laurentian granite
heated to 7= 850 °C, it was determined that the static tensile
strength decreases with increasing temperature, while the dy-
namic tensile strength first increases and then decreases start-
ing from the heating temperature 7'=450 °C [4].

A significant increase in sandstone fracture was observed
upon heating above 300 °C while heating to 300 °C did not give
rise to fracture growth [5].

Ambiguous rock behavior in temperature fields was noted
in [6]. In many rocks, when heated to 7= 200 °C, the strength
increases, and at the same time, there is a “transitional value”
of temperatures, where the strength begins to decrease. Similar
results were obtained in [7], where tests of claystone samples
heated above 7= 200 to 7= 1000 °C for uniaxial and triaxial
compression showed first an increase in strength when heated
to T=200 °C, and then its decrease with higher heating.

The study on the effect of heating on the static viscosity of
three sandstone varieties of Indian deposits showed an in-
crease in fracture toughness when heated to 7= 100 °C, and
then a gradual decrease in viscosity was observed with further
heating [8].

An important geotechnological property of rocks is their
permeability when the temperature changes. It is shown that
when granite is heated from 7= 100 to 7= 800 °C, an expo-
nential increase in equivalent permeability is observed due to
the formation of microcracks and their coalescence under
heating [9].

It should be noted that all of the above studies were carried
out to create stationary temperature fields. All tests had their
own peculiarities in measuring the strength during heating,
and these studies cannot be directly used to study the physical
and mechanical properties of rocks in unsteady temperature
fields and, especially, under conditions of thermal shock or
thermocycling exposure.

One of the important directions for research is an attempt
to use thermal loads for the preliminary weakening of rocks in
various technological processes of rock destruction.

In the work [10], the authors conducted studies to reduce
the mechanical strength of rocks during drilling with diamond
crowns using the pulse washing regime. It is shown that pulsed
flushing of wells gives higher amplitudes of temperature fluc-
tuations in the bottom sections compared to stationary flush-
ing, due to which the mechanical strength of the rock being
destroyed can decrease by an average of 12 %.

The generation of thermal energy at the bottom of a well
during diamond drilling and its targeted use for thermal cy-
cling of rock sections for softening is considered as one of the
promising directions for increasing the efficiency of diamond
drilling [11]. At the same time, thermal loads on the face rock
according to the scheme: heating-rapid cooling under certain
conditions can lead to cracking of the destructible layer and, as
a result, increase the overall performance of the diamond tool
as a whole [12].

Methods and technical means for the implementation of
thermocyclic impact during diamond drilling are being devel-
oped [13].

Intensive cooling by a fan of rock samples heated to
T = 1000 °C, representing disks that are suitable for tensile
strength testing by the “Brazilian” method, for many hard
rocks led to the appearance of fracture cracks in the samples,
only due to thermal stresses. And this occurs despite the fact
that the temperature difference between heating and cooling
was low (T = 100 °C), plus the cooling intensity was low (far
from thermal shock) [14].

Purpose. The study on the laws of crack and microcrack
system development in rocks during rapid cooling is the goal of
this research. To achieve this goal, it is necessary to solve the
following tasks. For macrocracks, to determine the nature of
the crack system distribution over the rock surface in the zone
where the rapid cooling is applied, and then, as it cools, to find
patterns of this system penetration into the massif, depending
on the physicomechanical properties of the rocks and thermal
loading conditions. For microcracks, to confirm or disprove
the fact of the developed microcrack system formation in the
zone of rapid cooling and to give analytical dependencies that
allow calculating the geometric parameters of fracturing both
on the surface of the rock and in-depth.

Unsolved aspects of the problem. During rapid cooling,
discontinuous (shrink) stresses develop in the surface layer,
which under certain conditions create a developed system of
cracks in the rock, which can significantly affect the strength
properties of the rocks. Until now, the issue of a crack system
formation and development, its geometric aspects under con-
ditions of rapid cooling have not been studied. The behavior of
a single crack was investigated and only in terms of its penetra-
tion into the massif. The very mechanism of the developed
system of crack formation relies on the fact that during rapid
cooling in the surface layer of the rock, natural microcracks
begin to grow, which merge into a specific system. If thermal
shock is maintained for some time, then the surface system of
formed macrocracks will begin to grow deeper into the massif
with certain regularities. Therefore, in order to reveal the com-
plete picture of fracture penetration into the rock volume, it is
necessary to imagine how cracks are distributed along the sur-
face, and how deep they penetrate into the massif. Moreover,
there is an assumption that behind the thermal front which
penetrates into the rock as a result of sudden cooling, the mi-
crodestruction front moves, which also changes the physical
and mechanical properties of the rock. The question of the
depth ratio of penetration zones of macro- and microcracks is
also open. Understanding the laws governing the formation of
a crack system in the rock volume will allow us to evaluate the
effect of this fracture on the actual processes of rock destruc-
tion associated with preliminary thermocyclic processing of
the massif.

Methods. An analytical solution to the problem of the de-
velopment of a system of shrinkage cracks is based on the fact
that as a result of rapid cooling in the surface layer of a certain
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thickness, shrinkage tensile stresses are developed. The
stretched layer of the rock acquires potential energy, depend-
ing on the properties of the rock and cooling conditions. At a
certain point in time, the energy of the stretched layer will be
spent on the formation of new surfaces of the growing system
of macrocracks.

To confirm the fact of the formation of a system of micro-
cracks in the stretched layer, studies were carried out on drill-
ing of wells with a diameter of 0.01 m with a diamond crown.
The walls of the wells were pre-treated with thermal cycling
with a temperature difference AT of 300 and 600 °C. Drilling
was carried out in granite by a crown with a diameter of 0.02 m.
Based on the change in drilling speed, it was concluded wheth-
er there is a developed system of microcracks after treatment
by rapid cooling.

Results. Upon sharp cooling of the surface rock layer at the
boundary of the half-space, tensile stresses occur parallel to
the surface 6, = 6, = 6., 6, =0. The depth of penetration of the
“cold” temperature front into the rock at the initial moments
of time can be estimated by the dependence (Dmitriev, A. P.,
Goncharov, S.A., Germanovich, L. N.)

m= (a . r)A , (D)
where a is the thermal diffusivity; t is exposure time with a
coolant. If the temperature difference between the rock and
the cooling medium is large enough (hundreds of degrees),
then macro- and micro-destruction of the massif in the zone
of a sharp changes in temperature should be expected.

The model of rock behavior may look as follows. Since the
rock resistance to fracture is an order of magnitude lower than
the resistance to compression, when creating a certain tem-
perature AT and time t conditions, the rock can be torn by
macrocracks.

However, it should be expected that from the beginning of
cooling to the appearance of macrocracks, along with the iso-
therm, a microdestruction wave will propagate into the rock, be-
hind which there is a layer broken by microcracks, resting on an
elastic foundation and rigidly adhered to the latter. The question
of whether microcracking is formed in the rock layer and how it
affects the elastic and thermal properties remains open, since test
results of this kind are unknown, and there are no corresponding
petrographic observations of cracks of the required scale.

Let us consider the energy prerequisites for the develop-
ment of cracks in a cooled surface layer.

In the one-dimensional thermoelasticity problem for a
half-space, each point of which is in a state of biaxial tension
o, =G, =0,, o, = 0, the specific elastic energy of a unit volume
is determined by the dependence (Dmitriev, A.P., Goncha-
rov, S.A., Germanovich, L. N.)

(1-v)
2
U=-—~>=0%, 2
I (2)
where v is Poisson’s ratio of the material; £ is Young’s modulus.
The total elastic energy accumulated in the surface layer
with depth m and area S'is

(1-v)

=92 /. (g2 .

W= '([c*(z) dz. 3)
It was established that during rapid cooling, the surface of

the rock is torn by a “honeycomb” fracture, extending deep

into the rock. The size of the cracking cell is determined by the

dependence [13]

0.45-K?-c?
a TEZ'GE'GZ ’ (4)

s

where K is the rock adhesion module; o, is rock compressive
strength; o, is maximum tensile stresses occurring in the rock
at a given cooling mode; o, is tensile strength of the rock.

In its turn
K=4\n-FE-y,
where 7 is the specific surface energy of rock destruction;
_BE(T,-T)
1-v ’

where B is the coefficient of linear expansion of the breed; 7, is
the initial rock temperature (after heating); 7, is the tempera-
ture of the cooling medium.

In real cases, the rock is torn by a “cellular” fracture, in
which the cells have a 4—5 or 6-angled shape. In the work
(Steinhaus, G.) it is shown that the structures of cracks
formed as a result of the action of shrink stresses have the
shape of polygons with the number of sides no more than 6.
Therefore, in formula (4) we are talking about the equivalent
(reduced) cell size of honeycomb, where the area of real cells
is reduced to a square with an average area equal to the aver-
age area of real cells. In other words, the average equivalent
size of the destruction cell is determined as follows: the num-
ber n of real cells per unit area ' is calculated and the equiva-

/S
lent size is determined by the formula g, =,/—. Such a re-
n

placement leads to a certain decrease in the density of the net
of cracks since a hexagon of the same square area has a perim-
eter of almost 40 % more than a perimeter of a square. Con-
sidering the fact that along with hexagons in the net of cracks
there are quadrangles and pentagons, the total increase in the
perimeter of the net of cracks, in our estimation, does not ex-
ceed 20 %. At the same time, the strength of the cracked ma-
terial is naturally overestimated. To clarify the general picture
of the behavior of the system of cracks under conditions of
rapid cooling, such assumptions, in our opinion, are quite
justified, taking into account the significant simplification of
further calculations.

Schematic reduction of a real net of cracks to an equivalent
net of cracks is shown in Fig. 1.

With a rapid cooling of the rock surface, at some point in
time the elastic energy of a thin stretched layer will be spent on
the destruction of the rock (on the formation and develop-
ment of cracks). If we assume that a wave of microdestructions
follows the temperature front, then the general energy balance
may look as follows.

W=W,+W,+ W,

where W), is the energy of formation of new surfaces of macro-
cracks; W, is microcracking energy; W/ is the energy of plastic
deformations and phase transitions in the rock.

Since the question of the formation of a developed system
of microcracks at this stage of the study is open, we will assume
that all the energy of the stressed layer will go into the energy
of the formation and development of macrocracks. Then

W=2-y-8., Q)

U./ 9.

416

5]
7. Gﬂ 7

Fig. 1. The scheme of reduction of the real net of cracks on the
surface of the rock to the equivalent during rapid cooling:

a — a real picture of the net of cracks on the surface; b — a picture
of the equivalent net of cracks on the surface
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where S, is an area of newly formed cracks; coefficient “2”
means that each crack gives two surfaces as a result of develop-
ment.

The total elastic energy of the surface layer with an area §
and thickness m after some time of exposure to the coolant,
taking into account dependencies (1, 2 and 3), will have the
form

W:S-(a-r)%-l_TvUE. ©6)

Under fairly severe cooling conditions (boundary condi-
tions of the first kind or boundary conditions of the third kind,
with a heat transfer coefficient o. > 10* W/m? - K), discontinu-
ous thermal stresses in a thin surface layer of the rock are de-

termined by dependence (6), therefore formula (9) for the total
elastic energy in the rock layer has the form

W=5-(a)" B E-AT>-(1-v) )

here AT=T,-T..

Let us estimate the total surface area S, of newly formed
cracks in the cooling area § according to the scheme (Fig. 1, b).
The total length of cracks on the surface is defined as the total
of longitudinal 1, 2, 3, 4, 5, 6, ..., n and transverse 1', 2', 3, 4',
5, 6',..., n’ of straight cracks. On each side of the area S the
number of cracks will be greater by one than the number of
cells with a size g, on this side. Assuming that the area S is a
square, the length of the side of the square (the same as the
length of one longitudinal or transverse crack) will be equal

\/E , and the total number of longitudinal and transverse
cracks will be expressed by the dependence

n—2~{\/§+1].

&

The total length of cracks coming to the surface is
L=2s" (*/E + 1],
8.

and the area of newly formed cracks is estimated by the for-
mula

S,:2~h.\/§[f+1],

where 4 is the penetration depth of the system of cracks into
the massif.

If we assume that all the accumulated elastic tensile energy
of the rock layer will go to the formation of new crack surfaces,
then taking into account dependences (5, 6 and 7) we obtain
the equality

S~(a‘r)%-BZ.E(AT)Z-(lfv)" =4.y.h\/3[f+1j.

Hence, the penetration depth of cooling cracks in the array
is determined by the formula

. JSav p2-E(ATY

Rl (3)
4y(1—v)[+1]
8.

Let us estimate the penetration depth 4 of the “honey-
comb” system of cracks and the average velocity V of the mo-
tion of the fracture front in granite and glass during rapid cool-
ing according to dependence (8).

In [14], experimental and theoretical values are given (cal-
culated by the formula (4) of equivalent cells of cracks g, de-
pending on the temperature difference A7 during rapid cooling).

For granite: g,=2.5- 10 m (2.5 mm) at DT = 335°C, g, =
=2.5-103m (1.5 mm) at AT =435 °C.

For glass: g, =2.5- 10 m (1.5 mm) at AT=185°C, g, =
=0.97 .10 m (0.97 mm) at AT =235 °C.

Temperatures AT for glass are taken lower than for granite
since, at higher temperatures heating in glass, the phenomena
of thermoplasticity will play a significant role.

For calculation we take the value of the area of the cooling
spot S =25- 10" m? (25 cm?), the cooling time t = 0.5, 1, 5,
10s.

Granite: £=2.6 - 10°° N/m?% B =103 1/K; v=0.1;y =
=3.5]/m? a=83-107 m%/s.

Glass E=10""N/m?* B=8-10°1/K; v=0.2;y=2.6J/m>%
a=5.3-10" m?/s.

The characteristics of granite and glass are taken from [15].

The calculation results are shown in Table 1.

For illustrative purposes, Figs. 2—6 show, in addition to
the dependences of the penetration depth of the crack system
into granite and glass # = f(AT) on the difference in heating
and cooling temperatures A7, for exposure times T = 5 s, the
dependence of the specific energy of the stressed layer u =
= f(AT) on AT, which is calculated by the formula and the
dependence of the crushing degree of a surface by a crack sys-
tem d =f(AT) on the temperature difference A7. Wherein d is
determined as d = 1/g (g is calculated by dependence (4)).

It should be noted that the specific energy of the stressed
layer U and the degree of crushing d at each point AT in the
graphs do not depend on the coolant exposure time and are
determined by the value A7. But the full energy of the
stressed layer and, accordingly, the penetration depth of the
crack system into the rock due to the transition of this en-
ergy to the formation of new fracture surfaces are, among
other things, also functions of the exposure time of the cool-
ant 1.

The graphs show that an increase in the specific potential
energy of the stressed layer leads to an increase in the degree of
surface fragmentation by a net of cracks but practically does
not affect the penetration depth of the net into the rock. That
is, almost, as though the additional tensile energy obtained by
increasing AT, is spent mainly on crushing the surface with a
smaller system of cracks and does not affect the degree of pen-

Table 1

The penetration depth of the cracks system into granite
and glass during rapid cooling

Breed 1,8 AT, °C g,, mm h, mm V, mm/s
Granite 0.5 335 2.5 3.6 7.20
1 5.1 5.10
5 11.4 2.28
10 16.1 1.61
0.5 435 1.5 3.7 7.40
1 5.3 5.30
5 11.9 2.38
10 16.8 1.68
Glass 0.5 185 1.5 1.9 3.8
1 2.8 2.8
5 6.3 1.26
10 8.8 0.88
0.5 235 0.97 2.0 4.00
1 29 2.90
5 6.5 1.30
10 9.1 0.91
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Fig. 4. Dependence of the crushing degree and specific energy in
a stressed layer on the difference in heating and cooling
temperatures for glass

etration of the fracture into the rock. Fig. 6 shows the depen-
dencies of penetration depth of the cracks into the rock, de-
pending on the time of coolant exposure for granite and glass.
From the graphs, it follows that shrinkage cooling cracks move
into the massif with deceleration.

Analysis of the material allows us to draw the following
preliminary conclusions:

- during rapid cooling of the rock surface, the elastic po-
tential tensile energy is accumulated in the cooled layer;

- with the increase in cooling time, the thickness of the
stressed layer increases and, accordingly, the amount of stored
energy increases;

- an increase in the temperature difference A7 between the
rock and the coolant, ceteris paribus, leads to an increase in
the stored energy in the stressed layer;
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Fig. 5. Dependence of the penetration depth of a crack system into
the glass on the time of coolant exposure t=0.5s,1=5s
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Fig. 6. Dependence of the penetration depth h of the crack sys-
tem into the rock and glass on the exposure time

- under certain conditions, the accumulated tensile energy
begins to be spent on the formation of a net of cracks of a
“honeycomb” structure growing deep into the massif;

- anincrease in the energy of the stressed layer by raising the
temperature difference AT, ceteris paribus, hardly affects the
penetration depth of the cracks net into the rock and the speed
of advancement of the cracking front. All “additional” energy is
spent on finer crushing of the rock by a net of macrocracks;

- cooling cracks move into the rock with a deceleration;

- the penetration depth of cracks in the massif exceeds the
depth of the cooled rock layer, so in granite, after 1s of cooling
at AT=435 °C the thermal front, according to dependence (1),
deepens by 0.91 mm, and the cracks penetrate to a depth of
5.3 mm (Table 1).

In the framework of the model under consideration, the
question remains unclear: does microcracking develop in the field
of tensile stresses appearing from rapid cooling? As mentioned
earlier, the model of the behavior of the surface layer of rocks un-
der thermal shock cooling involves not only macrocracking of the
surface but also the formation of a developed system of micro-
cracks in the stretched layer, that is, along with the temperature
front, a microdestruction wave extends into the rock.

In order to confirm or refute this model, the following ex-
perimental studies were carried out.

The idea was that if a microdestruction wave occurs during
rapid cooling, then any subsequent small-scale mechanical
failure should respond to the presence of microcracks. The
main condition is that the size of the separated fractions of the
material should be commensurate with the size of the newly
formed microcracks. As mechanical destruction, diamond
drilling was adopted with an impregnated small diameter
crown. According to (Gorshkov, L. K., Gorelikov) the thick-
ness of the chips removed by diamonds when cutting with a
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diamond crown is 0.16—0.03 mm for single-layer crowns and
0.1—0.02 mm for impregnated ones.

In accordance with the generally accepted classification,
cracks with a size of 0.1 : 0.01 mm are considered microcracks in
the rock. Thus, the thickness of the removed chips is comparable
with the magnitude of microcracks in the rock. Hence, if after
surface treatment by rapid cooling there is a noticeable increase
in drilling speeds, it means that a microdestruction wave accom-
panies the penetration of a “cold” heat front into the rock.

The experiments were carried out on samples of gray granite.
In small blocks of at least 250 x 250 x 150 mm in size, holes with
a diameter of 10 mm were drilled. Then the inner surface of the
holes was subjected to heat treatment (heating-cooling). Heating
parameters involve temperature 300 and 600 °C, time — 30 min.

After that, the walls of the wells were cooled in various
modes: they were cooled in the air with the block, or immedi-
ately after heating they were washed with water at a tempera-
ture of 20 °C for 1 min.

Thus, the walls of the wells were treated with thermocyclic
treatment according to three schemes:

- heating to 600 °C and cooling in the air;

- heating to 300 °C and rapid cooling with water;

- heating up to 600 °C and rapid cooling with water.

The experimental results are shown in the Table 2.

The analysis of the drilling results shows that thermocy-
cling treatment leads to a decrease in the strength of granite.
The main softening factor is the rapid cooling of the heated
rock surface. Since diamond drilling is accompanied by a fine-
grained fracture of the rock, therefore, an increase in drilling
efficiency after thermocycling treatment clearly indicates that
the softening process is due to an increase in microcracking,
the effect on pores, places of crystal adhesion, and others.

It can be argued that the proposed model of cracking of a
rock layer by macro- and microcracks as a result of thermal
shock cooling is confirmed.

The considered thermocyclic surface treatment of rocks
can be used in various technological processes of drilling (in
particular, diamond drilling) and expansion of wells, as well as
in the preparation of wells for an explosion, hydraulic fractur-
ing, injection of liquid, and so on.

Conclusions. The surface treatment of rocks by rapid cool-
ing leads to the following:

- the surface of the rock is cracked by a “honeycomb” system
of macrocracks. Cracks move into the massif with deceleration;

- the penetration depth of the macrocracks system depends
mainly on the physicomechanical properties of the rocks and
the cooling time and weakly depends on the temperature dif-
ference AT between the rock and the cooling medium;

- the crushing degree of the stressed rock layer by a macro-
cracks system is determined mainly by the temperature differ-
ence AT;

- behind the front of the advancement of the cooled layer
into the rock, a wave of microcracking of the rock moves;

- assessment of energy costs for microcracking requires ad-
ditional studies, which will entail clarification of the depen-
dence to determine the penetration depth of the macrocracks
system into the rock during rapid cooling.

Table 2
The rate of expansion of wells treated with thermocyclic
exposure
Type of processing ‘Wall heating Type of Drilling | Drilling
temperature, R speed, speed
the walls of the well N cooling . .
C cm/min | increase
Without treatment — — 1.90 —
Heating-cooling 600 Air 2.28 1.2
Heating-cooling 300 Water 2.66 1.4
Heating-cooling 600 Water 3.99 2.1
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Merta. BuBueHHS 3aKOHOMipHOCTEIl PO3BUTKY CHUCTEMU
MakKpoO- i MiKpOTPILLIMH Y FPChbKUX MTOPOIaX IMPU Pi3KOMY 0X0-
JIOIKEHHI UTS1 €peKTUBHOTO 3HEMII[HEHHS TiPCbKUX TOPIJ.

Meronuka. BupilieHHsI MUTaHHS 1LIOA0 PO3BUTKY CUCTE-
MM TPIlllMH 3aCHOBaHE Ha TOMY, IO B Pe3yJbTaTi Pi3KOTO
OXOJIO/KEHHSI B TOBEPXHEBOMY LIAPi MOPOIU PO3BUBAIOTHCS
HaTpyXeHHs po3Tsary. Po3TsrHyTHif 1ITap HaOyBa€ MOTEHILi -
HY €Heprilo, 3ajJieXXHy BiJ peXMUMIB TEIJIOBOIO BIUIMBY Ta
BJIACTMBOCTEN MOPOAU. Y TIEBHUIT MOMEHT Yacy eHeprisi po3-
TSTHYTOTO 1Iapy MOYMHAE BUTPAYATUCSI HA CTBOPEHHSI HOBUX
TIOBEPXOHb 3POCTAIOY0] CUCTEMU MaKpO- i MiKPOTPIllIH.

PesyabTaT. 3anponoHoBaHa MOJEJb MOBENiHKU MOBEPX-
HEBOTO IIapy TiPCHKUX MOPIZl B yMOBAX TEPMITHOTO yIapy 0X0-
JIODKEHHSIM, 1O TIPUITYCKA€E PO3BUTOK Y MOPOJIi CUCTEMU Ma-
KPOTPITIIMH PO3PUBY 1 CUCTEMU MIKPOTPIIIIIH, 110 PYXalOThCS
B LIapi 3a (POHTOM OXOJOMKeHHsI. OTpuMaHa 3aJeXHICTb,
10 MO3BOJISIE BU3HAYATH TIMOWMHY TPOHUKHEHHS CUCTEMU
MaKpOTPIIMH Y TOPOAY B 3JIEXKHOCTI Bifl PEXXUMiB TETUIOBOTO
BIUIMBY Ta (Pi3MKO-MEXaHiYHUX BIACTUBOCTEM ripCHKUX MTOPi.
ExcnepumeHTanbHO 10BeAeHO (POPMYBAHHS B PO3TSATHYTOMY
OXOJIOMXKEHOMY 1Iapi CUCTEMU MiKPOTPIILIMH, 1110 3MiHIOIOTh
BJIACTUBOCTI MilIHOCTi MOPi y MeXaX OXOJO/KEHOIO IIapy.
ITokazaHo, 1110 cucTeMa MaKpOTPIllIMH PYXAa€ThCSI B MACUBI 3
YIOBUIBHEHHSIM i MPOHUKAE B IMTOPOJLY TIMOILIE TOBLIIMHU OXO-
JIOJDKEHOTO 1Iapy, a MIKpOTPIlMHU (OPMYIOThCS B MeXKax
PO3TSATHYTOTrO oxoJiomkeHoro 1apy. [TokazaHo, 1110 miubuHa
TIPOHUKHEHHS CUCTEMU MaKPOTPIIIIH Y MACUB MMPAKTUIHO HE
3JIEXKUTh Bill PeKUMY TEpMOYAapy OXOJIOMKEHHSIM i BU3HA-
YaeThCs (Pi3MKO-MEeXaHIYHMMU BIACTUBOCTSIMU TIOPiT i YacoM
BIUIMBY. 30iIbLIEHHS TOTEHIIMHOT eHeprii pPO3TSATHYTOro
11apy MOpoaM 3a paxyHOK IMiABUILEHHS Pi3HULI TeMMeparyp
MiX HarpiBaHHSM i OXOJOMXEHHSIM («TTOCWJIEHHS» PEXUMY
TepMoyaapy) MpU3BOIUTb, B OCHOBHOMY, /10 301JIbIIIEHHS CTY-
MeHs ApOOJEHHS MOPOJU CITKOIO TPilllMH.

HaykoBa HoBH3HA. YTiepiie pO3IJISTHYTO DPO3BUTOK HeE
OJIMHOYHOI TPIlIMHU B MOPO/Ii MPU Pi3KOMY OXOJIOKEHHI, a
CUCTEMU TPIlIMH. 3alpONoOHOBaHAa MOJE/Ib MOBEIIHKHU I10-
BEPXHEBOTO 11apy MipChbKUX MOPiJ B YMOBaxX Pi3KOro 0X0JIO-
JDKEHHS. PO3risiHyTi reoMeTpyUuHi acrniekTyu (opMyBaHHS i
PYXy CUCTEMM MaKpPOTPIllIMH y MAacUB YHACJiAOK TEPMOII-
KJIIYHOrO HaBaHTaxeHHs. [loBeneHo (akT (hopMyBaHHS MO-
P i3 MAKPOTPIlIMHAMU — CUCTEMM MiKPOTPIllIUH, 1110 3Mi-
HIOIOTb BJIACTUBOCTI MIilIHOCTI IMOpif y 30Hi (hopMyBaHHSI.

IIpakTyna 3HaumMmicTh. BcTaHoBieHAa aHamiTMYHA 3a-
JIEXHICTh, 1110 J03BOJISIE BU3HAYATU TIMOWHY TPOHUKHEHHS
CHUCTEMHU TPILUH Y TipChKi MOPOIU B pe3yJIbTaTi TEpMOyAaApy
OXOJIOMKEHHSIM, 1, IK HACJIiIOK, OLIHIOBaTU PO3Mipy 30HU
ypaXeHHST TIOpil MaKpO- i MUKPOTPEIIMHAMU, a TAKOXK CTY-
MiHb 3HEMILIHEHHS TiPCHKUX MOPIJ Y 3aJIEXKHOCTI Bil (hi3nKo-
MEXaHIYHUX BJIACTUBOCTEH i pexXuMiB TepMoymapy OXOJo-
TOKeHHSIM. Pe3ynbTaTu 3aCTOCOBYIOThCSI NTPU BUKOPUCTAHHI
TEPMOLUKIIIYHOTO BIUIMBY B PEaTbHUX TEXHOJIOTIYHUX TIPO-
Lecax: MiAroTOBKM TipCbKUX MOPiJ 10 MEXaHiYHOro pyiHy-
BaHHSI, TiIPOPO3PUBY, PO3MYIIyBaHHS, BUOYXOBOTO PYIHHY-
BaHHSI.

Kuouosi cioBa: cipcvka nopoda, mepmiuni Hanpyssceuus,
iHmeHcUBHe 0X0N00MCeH S, CUCIeMAa MAKPo- il MIKPOMPIUUH
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emb. M3yyeHne 3aKOHOMEPHOCTEH DPa3BUTHS CHCTEMbI
MaKpo- ¥ MUKPOTPEIIMH B TOPHBIX TTOPOIaX MPHU PE3KOM OX-
JTAXKIeHWH 111 9(P(EKTUBHOTO pa3ypOYHEHUST TOPHBIX ITOPO/L.

Mertoauka. PerreHre Borpoca o pa3BUTUU CUCTEMBI TPE-
IIIMH OCHOBAHO Ha TOM, YTO B pe3yJIbTaTe PEe3KOr0 OXJIaXKIe-
HUS B TOBEPXHOCTHOM CJIOE TTOPOJIbl pa3BUBAIOTCS PACTITH-
BaloIlIve HaNpsDkeHMs. PacTaHyThIi cioit mproOpeTaeTr mo-
TEHIIMAJLHYIO SHEPTUIO, 3aBUCSIIIYIO OT PEKMMOB TEIIJIOBOTO
BO3ENCTBUS U CBOMCTB MOpoabl. B onpeneseHHbIE MOMEHT
BPEMEHU JSHEPTUST PACTSIHYTOTO CJIOSI HauMHAeT pPacXxomo-
BaTbCsl HA 00pa30BaHKME HOBBIX TTOBEPXHOCTEM pacTyIIeil -
CTeMBbI MaKPO- U MUKPOTPEIIIVH.

Pesyabratel. [IpemiokeHa Mopenb TMOBEACHUST TTOBEPX-
HOCTHOTO CJIOSI TOPHBIX TTOPOJT B YCJIOBUSIX TEPMIUIECKOTO yaapa
OXJIAXKICHWEM, TIPEIoIararoliasi pa3BUTHeE B OPOIE CUCTEMbI
MaKpOTPEIIMH Pa3pbiBa U CUCTEMbl MUKDPOTPEIIMH, IBIIKY-
LIMXCs B cJioe 3a poHTOM oxiaxaeHus. IlonydeHa 3aBuch-
MOCTb, TIO3BOJISIIOIIAST OTPENeNIsATh TIYOUHY TTPOHUKHOBEHMSI
CHCTEMbI MAaKPOTPEILMH B TIOPOAY B 3aBUCUMOCTH OT PEXXMMOB
TETJIOBOTO BO3IEUCTBUS M (DUMKO-MEXaHUIECKNX CBOMCTB
TOPHBIX MOPO. DKCIEePUMEHTATLHO J0Ka3aHO (hOPMUPOBAHUE
B PACTSHYTOM OXJIXKIEHHOM CJIO€ CHUCTEMBI MUKPOTPEIIVH,
MEHSIOIIMX MPOYHOCTHBIE CBOMCTBA MOPOI B Mpeesiax oxaaxk-
neHHoro ciiost. [TokazaHo, 4To crcTeMa MaKpOTPEIH ABMKET-
cs1 B MacCHBe C 3aMeJIEHUEM U MPOHUKAET B TOPOIY TIyoxe
TOJIIIMHBI OXJIAKIECHHOTO CJIOSI, & MUKPOTPELIUHEI (POPMUPY-
I0TCS B IpeJiesiax pacTSIHYTOro OXJaxKaeHHoro cjios. [TokaszaHo,
YTO TJTyOMHA TIPOHMKHOBCHUST CUCTEMBI MAaKPOTPEIIMH B Mac-
CHB ITPaKTUYECKU HE 3aBUCUT OT pexKrMMa TepMOoyapa oxJIaxkKie-
HHEM U orpeaessieTcss (pU3NKo-MeXaHMYeCKUMU CBOICTBaMU
MOpOI M BpeMEHEM BO3ICUCTBUS. YBeIuYeHUE MOTeHIIMATb-
HOI BHEPTUU PACTSHYTOTO CJIOSI TIOPOMBI 3a CYET TTOBBIIICHUS
Pa3HOCTU TeMIIEpaTyp MEXKIY HarpeBOM U OXJTaKIeHUEM («yxKe-
CTOYEHME» peXXMMa TepMoylapa) MPUBOIUT, B OCHOBHOM, K
YBEJIMUYEHUIO CTENEHU IPOOJIEHUS MOPO/IbI CETKOM TPELIMH.

Hayunas noBu3Ha. BriepBble paccMOTpeHO pa3BUTHE He
OIMHOYHOU TPEUIMHBI B TOPOJE MPU PE3KOM OXJIAXKIECHUH, a
cucteMbl TpeluH. [IpemoxkeHa MoaesIb TOBEICHUS TTIOBEPX-
HOCTHOTO CJIOSI TOPHBIX TTOPOJL B YCJIOBUSIX PE3KOTO OXTaXKIe-
HUs1. PaccMOTpeHBI TeoMeTpUIeCcKHe acleKThl (hopMUpPOBa-
HMSI U IBUXKEHUSI CUCTeMbl MAaKpOTPEIIMH B MAaCCUB BCJIE-
CTBHE TEPMOLMKINYECKOTO HarpyxxeHus. [dokaszaH dakr
(opMupoBaHMsT Hapsily ¢ MakKpOTpelIIMHAMU — CHCTEMBbI
MMKPOTPEIINH, MEHSTFOIITUX POYHOCTHBIE CBOIICTBA ITOPO/I B
30He (POPMUPOBAHMSI.

IIpakTyeckas 3HaumMocTh. [lomydeHa aHanuMTHYeCKast
3aBUCUMOCTD, ITO3BOJISIONIAS OTIPEACIISATh TIIyOUHY TTPOHUK-
HOBEHUSI CHUCTEMbI TPEIIUH B TOPHBIC ITOPOIKI B pe3y/IbTaTe
TepMoy/lapa OXJIaXIeHUeM, W, KaK CIIe[ICTBUE, OLleHUBATh
pa3Mepbl 30HBI TTOPAKEHUS TTOPOI, MaKpO- U MUKPOTPEIIIH-
HaMM, a TAaKXe CTeTNIeHb pa3yIpOYHEHMs TOPHBIX TTOPOIT B 3a-
BUCUMOCTH OT (DM3UKO-MEXaHUYECKUX CBOMCTB M PEXXMMOB
TepMoy/lapa oxJaxkineHreM. Pe3yabTaThl IPUMEHSTIOTCS TIPU
HCTIOJIb30BaHUS TEPMOLIMKIMYECKOTO BO3ICMCTBUS B peab-
HBIX TEXHOJIOTMUECKUX TPOIeccax: MOATOTOBKKM TOPHBIX 10~
POl K MEXaHWYECKOMY Pa3pyIICHUIO, TUAPOPA3PhIBA, PHIXJIE-
HWSI, B3PBIBHOTO pa3pyIeHus.

KiroueBble ciioBa: copras nopoda, mepmuyeckue Hanpsice-
HUsl, UHMEHCUBHOe 0XAaNCOeHUue, CUCMeMa MAKpo- U MUKpO-
mpeuwut
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